The pupil exhibits a response property somewhat analogous to perceptual red-green cancellation. Across a limited range of flash intensities near threshold, pnpillary constrictions evoked by red flashes can be reduced, if not nulled, by the simultaneous addition of a green flash. The percentage of trials on which a stimulus.evoked response can be correctly discriminated from noise also falls to chance level as a green flash is added to the red flash. In terms of the quanta absorbed by L and M cones, the cancellation can be modelled as a function of 10.65*L-M[.
INTRODUCTION
That the pupil responds specifically to changes in the chromaticity (in addition to the luminance) of a stimulus field was first appreciated by Kohn and Clynes (1969) . They provided several demonstrations showing that the pupil constricts to chromatic stimulus transitions when the transition is isoluminant or accompanied by a luminance decrement. Subsequent studies (e.g. Saini & Cohen, 1979; Young & Alpern, 1980) replicated and extended some of their demonstrations, removing the possibility that such pupil constrictions were produced by stimulus artifacts or by some other trivial reasons. More recently, studies have provided further supporting data (e.g. Young et al., 1987 Young et al., , 1993 Barbur et al., 1992) .
Collectively, these observations have added intrigue to our understanding of the nature of the human pupillary visual pathway, raising such questions as to whether the underlying chromatic mechanism is similar or dissimilar to the one mediating perceptual color vision. Krastel et al. (1985) provided the first evidence that the pupillary responses may be mediated by a cone-opponent interaction not unlike that mediating perceptual color vision. They found that the pupillary action spectrum on a steady-white background was virtually identical to the spectral sensitivity curve of the psychophysical chromatic channel measured under the same stimulus condition. The pupillary action spectrum had three prominent lobes with peaks in a long, middle, and short wavelength region and a dip in sensitivity near 570 nm (Sloan notch) which, in accordance with psychophysical theory, reflects the subtractive interaction of the underlying cone-opponent mechanism (e.g. Sperling & Harwerth, 1971; King-Smith & Carden, 1976; Thornton & Pugh, 1983; Kalloniatis & Harwerth, 1990; Calkins et al., 1992) . Kimura and Young (1995a) confirmed Krastel's observation, but also showed that the pupillary responses evoked by monochromatic flashes on a steady-white background were more complex than previously assumed. Of specific relevance to the present study, Kimura and Young showed that the pupillary response is composed of at least two spectrally distinct components, only one of which has the Sloan notch in its action spectrum. Additionally, Kimura and Young showed that the OFF portion of the pupillary response (that is, the response that Kohn and Clynes referred to as the "color removal" effect) has the Sloan notch in its action spectrum.
The present paper investigates the nature of the putative cone-opponent interaction further. Because the dip in log sensitivity near 570 nm does not extend to minus infinity (Krastel et al., 1985; Kimura & Young, 1995a) , it is unclear whether the pupillary visual process has a "neutral point", i.e., the property that the signal from the visual process could be nulled by selecting a light of some wavelength composition. In theory, a coneopponent interaction may or may not have a neutral point. A process characterized by a subtractive interaction between L and M cones, e.g. IL-MI, is an example of a process with a neutral point. For some wavelength of light, the number of quanta absorbed by L and M cones would be equal, causing the output to become zero, i.e., IL-MI ~-0. A process characterized by (IL-MI + L + M) would be an example which does not exhibit a neutral point, as the summing of L-and M-cone signals prevents the output from becoming zero. Interestingly, however, the action spectrum for this process would exhibit a Sloan notch. So, to further elucidate the nature of the pupillary visual process, the aims of the present study were to investigate whether pupfllary responses evoked by a red flash can be cancelled (or nulled) by adding a green flash, to determine whether such responses are consistent with a subtractive L-and M-cone interaction and to determine the relative weight of the quanta absorbed by L and M cones for such interaction. In keeping with psychophysical terminology, we will refer to the response cancellation or nullification at the neutral point as "chromatic cancellation".
METHODS
The observers were the same three who participated in Kimura and Young (1995a) . They all have normal color vision and normal visual acuity. Written informed consent was obtained from each observer prior to the start of the study. None of them were on medication during the testing period.
The stimulus fields were projected through a threechannel MaxweUian view optical system. One channel produced a steady white background field. The other two channels provided monochromatic test flashes that could be mixed at a beam splitter. Test wavelengths were controlled with a diffraction grating monochromator (Instruments SA, Inc., 4 nm half-band width) and an interference filter (Ditric Optics, <12 nm of half-band width), respectively. The observer viewed the stimulus with the left eye. A dental bite bar was used to maintain alignment between the observer's eye and the optical system. The pupillary responses were recorded from the observer's right eye using an IR video pupil tracking system (ISCAN model RK-416). The pupil diameter was recorded with about 21 #m of resolution and with a data sampling rate of 60 Hz. Resolution was determined both by estimating the smallest pupil diameter difference that can be discriminated by the recording system and by estimating the standard deviation in repeated measurements of fixed diameter artificial pupils. The two methods of determination provided essentially identical results. The responses to each stimulus condition were analyzed off-line. Other details are described in Kimura and Young (1995a) .
Test fields of 30 deg diameter were flashed for 6 sec on a steady white background of the same size. The retinal illuminance of the white background field was about 2.43 log phot td (2.75 log scot td) which minimized the involvement of rods, at least when the test flashes were near threshold (Aguilar & Stiles, 1954) . Results of our previous study conducted under similar background conditions support this belief by demonstrating that for relatively low intensity flashes, the ON and OFF action spectra do not show any evidence of rod intrusion [ Fig.  4 (B) of Kimura & Young (1995a) ].
The test stimulus was either a monochromatic flash, a bichromatic mixture flash, or a temporal exchange of two monochromatic fields. In the case of the bichromatic mixture, a monochromatic flash of fixed intensity was mixed with another monochromatic flash of variable intensity. In the case of the temporal exchange, the intensities of the two monochromatic fields were varied so that the quantum absorption by L (or M) cones changed while that by M (or L) cones remained constant. The intensities of the monochromatic fields were calculated according to the (quantized) spectral sensitivity curve of each type of cones described by Smith and Pokorny (1975) .
At the beginning of an experimental session, the observer dark-adapted for at least 10 min and then preadapted to the white background field for 2 min. The stimulus conditions were tested in a pseudorandom fashion during each experimental session which lasted approx. 3 hr. Each stimulus condition was repeated at least 30 times during the course of the experiment.
The novel aspect of our methods concerns the analysis of minute pupillary responses. In addition to analyzing the pupillary responses by conventional signal averaging techniques, we developed a method which exploits the probabilistic nature of threshold and near-threshold pupillary responses. Similar to psychophysical "yes/ no" responses, pupillary responses exhibit response fluctuation; that is, a dim flash of the fixed intensity may evoke a response on one trial but not on the next trial (e.g. Stewart & Young, 1989) . Therefore, as an alternative measure of the pupillary response strength, we also examined the percentage of trials on which the pupil is observed to constrict.
Inspired by the psychophysical two-alternative forced choice procedure, we took the response frequency method a step further, developing a criterion-free, computer-automatic approach. Conceptually, a "decision maker" (a computer algorithm) compares two responses on a given trial. One response comes from a stimulus trial (i.e., a trial on which a stimulus flash was presented), and the other comes from a blank trial (i.e., a trial on which no flash was presented). The decision maker examines both responses and then decides on the basis of a "decision rule" which of the two comes from the stimulus trial. When a response occurs on every trial (as in the case for a bright flash stimulus), we expect the decision maker to obtain 100% correct performance. However, when no response is evoked (as in the case of a response null), we expect the decision maker to obtain 50% correct performance, that is, chance level. This approach is "criterion-free" in that the decision maker does not compare the responses against a criterion (e.g. 0.1 mm amplitude), but rather it compares whether one (e.g. a stimulus-evoked) response is larger than another response (e.g. obtained from a blank trial).
In actual application, pupillary responses were obtained from separate stimulus and blank trials, rather than from a single trial with two viewing periods, as is typical in psychophysical experiments. Additionally, the analysis was performed off-line after the entire set of data for the observer had been obtained. The off-line analysis procedure provided us with greater flexibility, allowing the data to be analyzed using several different approaches and algorithms. The computational strategy for determining the percentage correct, hereafter the discrimination index, is based on work by Massof and Emmel (1987) . The discrimination index was computed for each stimulus condition from NM paired comparisons of N stimulus and M blank trials. The confidence interval for a discrimination index value could be calculated using equation (16) described in Massof and Emmel (1987) .
The "decision rule" used was that the response with the higher of the two "scores" comes from the stimulus trial. A "score" for each response waveform is computed by an algorithm which temporally integrates the initial constriction phases of the ON-and of the OFF-portions of the pupillary response. (A step-by-step description of the computational processes is provided in the Appendix.)
It may be worth noting that the computer algorithm was developed only after many attempts. The one finally selected was based on its high performance to correctly discriminate the stimulus from blank trials (for moderate intensity flashes) and on its reliability, as measured by the repeatability from session to session in a preliminary experiment [see Fig. 2 in Kimura & Young (1994) ]. Additionally, the algorithm satisfied the criterion that the response waveforms identified as coming from a stimulus trial indeed appeared to the investigators as light-evoked pupillary responses. Time (sec) red flash (7.30 log quanta sec" deg" ) evokes a pupillary constriction following the flash onset (time zero) and offset (6 sec), Subsequent records illustrate the response obtained when the same red flash is mixed with a green flash of progressively greater intensity (designated by log values to the right). The arrow designates a red-green flash mixture which produces no obvious constriction. Each record was the average waveform of 30 responses. In this and following figures, "log Q" indicates quantum flux expressed as the logarithm of the quanta sec z deg -2.
RESULTS
Averaged waveforms (Fig. 1) illustrate the pupillary responses evoked solely by a 650 nm (red) flash (topmost record) or by bichromatic mixtures consisting of the same red flash plus a 530 nm (green) flash of variable intensities (successively lower records). The pupillary responses are generally small in amplitude, consisting of constrictions (downward deflections) following the stimulus onset and offset. The series of responses suggest that increasing the total quantum flux incident on the retina does not necessarily lead to an increase in the response amplitude. The addition of the green to the red flash can decrease the constriction amplitude until a response minimum or a response null (designated by the arrow) is reached.
Such a demonstration, however, may not be universally accepted as compelling evidence of a response minimum because the decrease in response amplitude is typically small relative to trial-to-trial variability and because the amplitude decrease may not be obvious in every observer (Fig. 2) . So to investigate further whether a response minimum or null actually occurs, we developed an alternative method of quantifying the pupillary response. As described in Methods, we measured the response frequency (i.e., the percentage of trials on which a response can be detected). Log Q of 530 nm Light The results of our response frequency analysis were similar for all three observers (Fig. 3) . When the green flash is presented by itself (Fig. 3, top left) , the discrimination index function resembles a psychometric function. The discrimination index increases from chance level (50%) for very low flash intensities to 100% for more intense flashes. By comparison, however, when a red flash is simultaneously presented with the green flash, the discrimination index function is different. Rather than increasing with the green flash intensity, the discrimination index falls at first. For certain intensities of the red flash such as 7.10 log quanta sec -~ deg "2 for observer J, 7.21 log quanta sec ~ (leg "2 for observer M, and 7.62 log quanta sec "1 (leg -2 for observer A, the discrimination index falls sharply to chance level. The fall in performance to chance level is significant as the performance for lower green flash intensities lies above the shaded area, the 95% confidence interval around chance level. Log Q of 530 nm Light OFF-portions of the responses. Preliminary analysis of either response portion showed similar results. However, analysis based on both response portions generally resulted in smoother discrimination index functions and was therefore considered more informative.) The green intensity required to decrease performance to chance level seems to depend in part on the red intensity. In general, the higher the red intensity, the higher the green intensity required. However, when the red intensity is increased beyond some level (7.30 log quanta sec" deg -2 for observer J and 7.41 log quanta sec "1 deg "2 for observer M), there is no obvious evidence that the discrimination index fails to chance level. Additionally, inspection of the averaged response waveforms also provided little, if any, hint of an obvious response reduction. The high intensity results for observer A were not obtained, as observer A was not available for subsequent tests.
To investigate whether the discrimination index functions could be described in terms of a subtractive L-and M-cone interaction, a quantitative model was developed. The model was inspired, in part, by the psychometric discrimination function f(I) = 1 -0.5 * 2 -(t/rY (1) where T is the threshold, I is the flash intensity, and ~ is a free parameter to adjust the steepness of the function. To incorporate the cone-opponent process into the discrimination function, we substituted (L-M) in place of the flash intensity so that f(L, M) = 1 -0.5 * 2 -(Iw*L-MI/rY (2) Now f(.) is a function of the quanta absorbed by L and M cones. A relative weighting coefficient, w, is used to take into account the possibility that the quantum absorptions by L and M cones do not have the identical effect on the pupillary response. The difference in cone quantum absorption is rectified to conform to the empirical observation that an increase in quanta absorbed either by L or M cones alone results in an increase in the discrimination index (described below).
The fit of the model [equation (2)] to the data is illustrated in Fig. 3 . The model first of all accounts for the discrimination index function when the green flash is presented by itself (Fig. 3, upper left graph) . In this condition, the rectified (L-M) signal increases proportionally with the green flash intensity. Secondly, the model accounts for the discrimination index function when relatively low intensity red flashes are added to the green flash. In these conditions, the rectified (L-M) signal changes nonlinearly, at first, decreasing toward zero as the intensity of the green flash increased, and then later increasing with further increases in the green intensity. The actual discrimination data show similar changes. The adequacy of the model, however, breaks down when higher intensity red flashes are added to the green flash. Here, the model continues to anticipate a fall in performance to chance level at some green intensity, but the actual discrimination indices show only a slight fall, ff any.
The model also helps to pinpoint the intensities of the red and green flashes that cause the discrimination index to fall to chance level (Fig. 3) . When expressed in terms of the quanta absorbed by L and M cones, these redgreen mixtures show an interesting property (Fig. 4) . Intensities of the red and green flashes are such that the quanta absorbed by M cones are proportional to those absorbed by L cones.
The weighting coefficient, w, is a main result of the theoretical fit of the model to the data (Table 1) . The weighting coefficient varied slightly for different stimulus conditions, but because no systematic relationship was apparent, the values were averaged for each observer. The coefficients for all three observers indicate that the quanta absorbed by L cones are weighted slightly less than those absorbed by M cones. For comparison, we also showed the relative weighting coefficients for psychophysical responses (Table 2) .
Complementing the red-green mixture experiment, we also examined the responses evoked by temporally exchanging two colors in a manner such that only the number of quanta absorbed by one type of cones (either L or M cones) is changed. The results show that the discrimination index rises as the quantum absorption by either L cone alone or M cone alone is increased (Fig. 5) . For comparison, data from the green alone condition (taken from Fig. 3 , top left) are replotted to illustrate the results obtained when the quantum absorption by L and M cones are simultaneously increased. The main point is that the discrimination index for either the L or M cone alone condition lies to the left of that for the L and M cone condition. This finding demonstrates that the pupil is more sensitive to a flash in which most of the quanta are absorbed by one cone type as compared to a flash in which the same number of quanta is absorbed by two types of cones. (Note: The green alone condition was used for the comparison because extensive data for this condition had been collected. If the pupillary responses are mediated by a subtraetive L-and M-cone interaction, One might expect that an even more dramatic difference could be demonstrated had we compared the L or M cone alone condition to a flash condition near or at the spectral neutral point of the subtractive cone interaction. Preliminary results for a yellow, 570 rim, flash show this to be the case. The discrimination index function for the 570 nm flash condition lies even further right of the function for the green alone condition.)
DISCUSSION
Previous studies (Krastel et al., 1985; Kimura & Young, 1995a) suggested that the pupillary visual process underlying the detection of chromaticity changes may be modeled as a cone-opponent interaction not dissimilar to that involved in perceptual red-green color detection. The present results support this belief and further elucidate the nature of the pupillary visual process by providing direct evidence for chromatic cancellation and the existence of a neutral point. The chromatic cancellation is observed for all three observers as documented in terms of the percentage of trials on which a stimulusevoked response can be correctly discriminated from noise (Fig. 3) .
If the pupillary responses were simply driven by coneopponent signals, one might further expect the pupillary responses to be bidirectional; for example, the pupil constricts in response to red flashes and dilates in response to green flashes. While such bidirectional responses are neither found in the present nor previous studies, the present study shows that the pupillary responses can be modeled by a rectified subtractive Land M-cone interaction. The results showed that the shape of the discrimination index functions can be described fairly well across a range of conditions by such a model (Figs 3 and 5) . Moreover, the empirical data conform with the prediction that, in order to maintain a null response, Iw*L-MI = 0, the quanta absorbed by M cones must increase proportionally with the quanta absorbed by L cones (Fig. 4) . Finally, the sensitivity of the pupil is higher when the quanta are absorbed by only Fig. 3 .
L or M cones than when the same number of quanta is absorbed by both L and M cones (Fig. 5) .
If the pupillary responses are driven by a subtractive Land M-cone interaction, the question arises whether the relative weight of the quanta absorbed by L vs M cones derived from pupillary experiments is similar or dissimilar to that derived from psychophysical experiments. Because chromatic cancellation was found for the pupillary response, the coefficient w in the equation Iw*L-MI = 0 can be determined in a straightforward way (Table 1 ). The results show that the w for the pupillary responses lies within (albeit at the lower end of) the range of values computed from published psychophysical results (Table 2 ). In both the psychophysical and pupillary responses, the quanta absorbed by L cones are weighted slightly less than those absorbed by M cones.
If the pupillary responses were driven solely by a subtractive L-and M-cone interaction, one might expect that chromatic cancellation would occur independently of the flash intensity. Our results, however, show that chromatic cancellation only occurs across a narrow range of flash intensities near the pupillary threshold, raising questions about whether or how this intensity-dependent property is consistent with the L-and M-opponent model. One possibility is that the cone interaction has a nonlinear intensity-dependent property, and thus, cannot be simply explained in terms of a subtractive interaction. Another, perhaps more likely, possibility relates to the finding that there are multiple underlying visual processes which, among other properties, have different action spectra (Kimura & Young, 1995a) . According to this possibility, the L-and M-cone opponent process would be the most sensitive process, whereas other process(es) would have lower sensitivity when the observer is adapted to a steady white background. Complete chromatic cancellation occurs only across a limited intensity range because it is only across this range that the pupillary response is Table 1 . The other parameters in equation (2) were allowed to vary.
solely mediated by the subtractive L-and M-cone process; above this intensity range, the pupillary response is presumably mediated by the subtractive process and other process(es).
In summary of the above discussion, all the results in the present study are consistent with a cone-opponent hypothesis. It may be worth mentioning, however, that prior to Krastel's discovery (Krastel et al., 1985) of a Sloan notch in the pupillary action spectrum, Young and Alpern (1980) suggested a more general hypothesis regarding how the pupillary responses are evoked by chromatic stimuli. The hypothesis was that the pupillary constriction is evoked by a chromaticity change detector or some mechanism which signals a temporal change in the chromaticity of the visual scenery independently of luminance. The chromaticity detector would provide a signal whenever the chromaticity (x, y) of the visual field is changed to (x + Ax, y + Ay); otherwise, the detector remains silent. Such chromaticity detector could account for chromatic cancellation. The response evoked by one chromatic flash can be cancelled by the addition of another chromatic flash when the mixing of the colors results in a flash with the same chromaticity as the background. In that case, the flash would not produce a chromaticity change; thus, the response to the mixture flash would be nulled.
In the present experiment, however, the chromatic cancellation occurs even though the chromaticity of the bichromatic mixture is different from that of the background. One can appreciate the chromaticity difference *Note: Intensities of red-green mixtures required to produce a null response are in the order of 100 times less than the S-cone threshold as estimated from the results of Kimura and Young (1995a) . The Scone threshold for observer J is 8.17 log quanta sec 1 deg 2, for observer M is 7.72 log quanta sec 1 deg 2, and for observer A is 8.28 log quanta sec "1 deg "2 for 530 nm flashes. The intensity of the 650 nm flash is not important, as S cones absorb the negligible number of quanta of this wavelength.
between the flash and background in terms of the underlying photoreceptor signals: the mixture flash is void of S-cone signals,* whereas the intense white background produces a substantial S-cone signal. So the present results imply that if the chromaticity detector hypothesis is to remain tenable, one must presume that the chromaticity detector is tritanopic or at least have weak S-cone input. Furthermore, because there is evidence that S cones contribute strongly to pupillary responses evoked by changes in stimulus chromaticity (e.g. Young & Alpern, 1980; Kimura & Young, 1995b) , one would have to presume that the S-cone mediated chromaticity detection occurs independently of the chromaticity detector isolated under the present condition.
In conclusion, the present results describe a new pupillary response property, chromatic cancellation, which contributes further to the belief that the pupillary visual processes are, in some respects, functionally similar to perceptual visual processes. The pupillary visual process mediating the chromatic responses can be modeled with a cone-opponent interaction, providing the visual signals are rectified.
